The aim of the present study was to investigate whether capsaicin assists weight maintenance by limiting weight regain after weight loss of 5 to 10 %. In this randomized double-blind placebo-controlled study, ninety-one moderately overweight subjects were randomly assigned to an intensive group that underwent all the measurements, and an extensive group that underwent the same measurements except the metabolism measurements. After a 4-week very-low-energy diet (VLED) intervention, a 3-month weight-maintenance period followed. During weight maintenance, subjects were divided into a capsaicin (135 mg capsaicin/d) and a placebo group. Body mass was measured before and after the VLED and after 1, 2 and 3 months of weight maintenance. The mean body-mass loss during the VLED was 6·6 (SD 2·0) kg (7·8 (SD 1·8) % initial body mass), and was not different between the subsequent treatment and placebo group. During weight maintenance, mean % regain during treatment was not significantly different compared with placebo (33·3 (SD 35·7) v. 19·2 (SD 41·8) %, P¼0·09). RQ was significantly less increased during weight maintenance in the treatment group compared with placebo (0·04 (SD 0·06) v. 0·07 (SD 0·05), P, 0·05), indicating a relatively more sustained fat oxidation. Fat oxidation (g/h) after weight maintenance was higher in the capsaicin group compared with placebo (4·2 (SD 1·1) v. 3·5 (SD 0·9), P, 0·05). These results indicate that capsaicin treatment caused sustained fat oxidation during weight maintenance compared with placebo. However, capsaicin treatment has no limiting effect on 3-month weight regain after modest weight loss. Appetite: Energy expenditure: Fat oxidation * Corresponding author: Ms Manuela P. G. M. Lejeune, fax þ31 43 3670976, email M.Lejeune@HB.UNIMAAS.NL
The increasing incidence of obesity is a recognized medical problem in developed countries (Seidell, 1995) . Obesity is a major factor for a number of diseases, including CHD, hypertension, non-insulin-dependent diabetes mellitus, pulmonary dysfunction, osteoarthritis and certain types of cancer (Noppa, 1980; Hubert et al. 1983; Kromhout, 1983) .
Factors suggested as being related to the development of obesity are decreased physical activity and increased energy intake, especially fat intake. Weight loss and loss of body fat can thus be achieved by reducing energy intake and/or increasing energy expenditure (EE).
Treatment of obesity is beneficial. Weight loss reduces the risk of mortality and morbidity in obese subjects (Van Gaal et al. 1997) . Even modest weight loss, 5 to 10 % of the initial body weight, leads to beneficial health effects (Goldstein, 1992; Wing et al. 1992; Van Gaal et al. 1997) . Risk factors related to obesity, such as lipid abnormalities and hypertension are positively affected by modest weight loss (Van Gaal et al. 1997) . Modest weight loss is a realistic goal for most subjects (Goldstein, 1992; Van Gaal et al. 1997) . However, long-term maintenance of the body weight lost can be described as unsuccessful.
Most studies on weight maintenance show that weight regain is usual (Wadden et al. 1988; Kramer et al. 1989; Pasman et al. 1997a Pasman et al. ,b, 1999 , indicating that subjects are not able to change their eating and activity behaviour adequately ). Interventions to improve long-term weight maintenance are therefore needed in order to treat obesity effectively. The limited long-term effectiveness of conventional weight management (dietary intervention, physical activity and behavioural therapy) requires alternative weight-reduction strategies. A rapidly growing therapeutic area, largely embraced by the general public, is the use of natural herbal supplements. A wide selection of herbal products are currently being marketed as weight-loss agents.
One of these agents is capsaicin, the pungent principle of hot red pepper. Capsaicin has been reported to reduce adiposity in rats: this can be partly explained by the enhancing effects on energy and lipid metabolism via catecholamine secretion from the adrenal medulla through sympathetic activation of the central nervous system (Kawada et al. 1986 (Kawada et al. , 1988 . In a series of human studies, Yoshioka et al. (1995 Yoshioka et al. ( , 1998 Yoshioka et al. ( , 1999 Yoshioka et al. ( , 2001 showed an increase in diet-induced thermogenesis and a decrease in RQ immediately after a meal to which capsaicin was added, implying a shift in substrate oxidation from carbohydrate to fat oxidation. This increase in the facultative phase of diet-induced thermogenesis was probably due to b-adrenergic stimulation (Yoshioka et al. 1995) . They also showed a decreased appetite, decreased cumulative food intake (Yoshioka et al. 1999 ) and increased EE (Yoshioka et al. 1998 (Yoshioka et al. , 2001 after consumption of capsaicin. Therefore, it is of interest to examine the observations in these short-term experiments on the long term. We hypothesize that capsaicin consumption on the long term may have a limiting effect on body-weight regain after weight loss, through reduced appetite and food intake and through a thermogenic effect.
The aim of the present study was to investigate whether capsaicin may improve weight maintenance by preventing or limiting weight regain after weight loss of 5 to 10 % in moderately overweight subjects.
Subjects and methods

Subjects
Male and female subjects (n 140), aged between 18 and 60 years, were recruited for this study. They underwent a medical screening. Selection resulted in 120 eligible subjects who were in good health, non-smokers, not using medication and at most moderate alcohol users. These were moderately overweight subjects, with a BMI between 25 and 35 kg/m 2 . They all gave their written informed consent. The Medical Ethics Committee of the Academic Hospital in Maastricht approved of the study. Subjects were randomized to an extensive group (n 40) that underwent the same protocol as the intensive group (n 80), but not the metabolism measurements. During the first four weeks, twentythree subjects dropped out due to various reasons: moving house, changing jobs, not being able to cope with the first diet or not being able to fulfil the schedule of visits to the University. Ninety-seven subjects completed the study, i.e. sixty-eight in the intensive group and twenty-nine in the extensive group. Six outliers were removed from the analyses. These were subjects who continued losing weight during weight maintenance or regained more than 100 % weight during weight maintenance. Thus, analyses were based on ninety-one subjects, i.e. sixty-four in the intensive group and twenty-seven in the extensive group.
Body weight and BMI
Body weight was measured on a digital balance (Seca, model 707, Hamburg, Germany; weighing accuracy of 0·1 kg) with subjects in underwear, in a fasted state and after voiding their bladder. Height was measured using a wall-mounted stadiometer (Seca, model 220). BMI was calculated as body weight (kg)/height (m) 2 .
Waist:hip ratio
The distribution of fat was investigated by measuring the waist and hip circumferences and calculation of the waist: hip ratio. The waist circumference was measured at the site of the smallest circumference between the rib cage and the iliac crest with the subjects in standing position. The hip circumference was measured at the site of the largest circumference between the waist and the thighs. The waist: hip ratio was calculated by dividing the waist circumference by the hip circumference.
Body composition
Total body water was measured using the 2 H ( 2 H 2 O)-dilution technique (Schoeller et al. 1980; Van Marken Lichtenbelt et al. 1994) . In the evening, the subjects ingested a dose of 2 H-enriched water ( 2 H 2 O) after collecting a background urine sample. After consumption of 2 H 2 O no more fluid or food were consumed. The following morning a urine sample from the second voiding was collected between 08.00 and 10.00 hours. 2 H concentrations in the urine samples were measured using an isotope ratio MS (Micromass Optima, Manchester, UK). Total body water was obtained by dividing the measured 2 H dilution space by 1·04 (Schoeller et al. 1980) . Fat-free mass (FFM) was calculated by dividing the total body water by the hydration factor 0·73. By subtracting FFM from body weight, fat mass (FM) was obtained. Body fat (%) was calculated as FM expressed as % body weight.
Attitude towards eating
To determine whether attitude towards food intake changed during the experiment, a Dutch translation of the three-factor eating questionnaire (TFEQ) was used (Stunkard & Messick, 1985; Westerterp-Plantenga et al. 1999 ). The first factor of the TFEQ (F1) measures cognitive restrained eating: control of food intake by thought and will power. The second factor (F2) represents disinhibition: an incidental inability to resist eating cues or inhibition of dietary restraint, and emotional eating. The third factor (F3) examines the subjective feeling of general hunger. In addition, the Herman -Polivy questionnaire (Herman & Polivy, 1980) was used to determine the frequency of dieting.
Post-absorptive appetite profile
To determine the post-absorptive appetite profile, hunger and satiety were rated on anchored 100 mm visual analogue scales in the morning before breakfast after an overnight fast.
Blood variables
In the morning before breakfast and after an overnight fast, a blood sample of 10 ml was taken and mixed with EDTA to prevent clotting. Plasma was obtained by centrifugation, frozen in liquid N 2 and stored at 2 808C until further analysis. Plasma glucose concentrations were determined using the hexokinase method (Glucose HK 125 kit; ABX diagnostics, Montpellier, France). The Wako NEFA C-kit (Wako Chemicals, Neuss, Germany) was used to determine non-esterified fatty acid (NEFA) concentrations. Insulin concentrations were measured using a radioimmunoassay kit (Insulin RIA-100; Pharmacia, Uppsala, Sweden). The glycerol kinase method was used to determine glycerol concentrations (Boehringer Mannheim GmbH, Mannheim, Germany). Triacylglycerol was measured using the GPO-trinder kit (Sigma Diagnostics Inc., St Louis, MO, USA). The b-hydroxybutyrate dehydrogenase method (Sigma Diagnostics Inc.) was used to determine b-hydroxybutyrate concentrations. Leptin concentrations were measured using the human leptin radioimmunoassay kit (Linco Research Inc., St Charles, MO, USA).
Adverse events
Adverse events during treatment were recorded and the severity and outcome specified.
Resting energy expenditure and substrate oxidation
Resting EE and substrate oxidation were measured by means of an open-circuit ventilated hood system. Subjects came to the laboratory in the morning by car or by bus to minimize the amount of physical activity before the test. Resting EE was measured with subjects in a fasted state while lying supine for 30 min. Gas analyses were performed by a paramagnetic O 2 analyser (Servomex type 500A; Servomex Controls Ltd, Crowborough, Sussex, UK) and an i.r. CO 2 analyser (Servomex type 500A), similar to the analysis system described by Schoffelen et al. (1997) . Calculation of resting EE was based upon the Weir's formulas (Weir, 1949) . RQ was calculated as CO 2 produced/O 2 consumed. Fat oxidation was calculated using the following equation (Péronnet & Massicotte, 1991) :
£V CO 2 ðl=minÞÞ £ 60:
Physical activity
Physical activity level was determined using an uni-axial accelerometer (CSA; Computer Science and Applications Inc., Shalimar, FL, USA) (Ekelund et al. 2000) The accelerometers were randomized over the two groups. Half of the subjects in the capsaicin group and the placebo group used the CSA, the other half used the Tracmor. Subjects received the same accelerometers every time.
Energy intake
Energy intake was calculated as total EE plus energy for storage. Energy for storage was calculated from the composition of the energy stored. For the usual energy for storage of FM and FFM, 30 MJ/kg body-weight gained was used (equation 1). If body-weight gain consisted of only FFM while FM decreased, 52 MJ/kg FFM gained (Pullar & Webster, 1977) 
Very-low-energy-diet period
After the subject's baseline measurements a very-lowenergy-diet intervention followed for 4 weeks, in order to let the subjects lose weight. The very-low-energy diet (Modifast w ; Novartis Nutrition, Breda, The Netherlands) was supplied in three sachets per d, dissolved in water to obtain a milk shake, pudding, soup or muesli. Vegetables and fruits were allowed in addition to the very-lowenergy diet. The aim was a body-weight loss of at least 4 kg per 4 weeks. After this weight-loss period, the measurements described under baseline measurements were repeated (Table 1) .
Weight-maintenance period
The weight-maintenance period then started. During the weight-maintenance phase, the subjects, divided into two matched groups, received capsaicin or placebo. The capsaicin capsules contained 22·5 mg capsaicin (Naturex, Avignan, Cedex, France) and 202·5 mg vegetable oil. The placebo capsules contained 225 mg vegetable oil. Subjects in both groups had to take two capsules during breakfast, two during lunch and two during dinner. Thus, the total dosage of capsaicin was 135 mg/d for the capsaicin group and 0 mg capsaicin/d for the placebo group. This dosage of capsaicin was based upon the maximal dosage given in the literature (Yoshioka et al. 1995 (Yoshioka et al. , 1998 (Yoshioka et al. , 1999 (Yoshioka et al. , 2001 . Other dosages and types used were from 3 mg per experiment to 126 mg/d (Yoshioka et al. 1995 (Yoshioka et al. , 1998 (Yoshioka et al. , 1999 (Yoshioka et al. , 2001 . Subjects were stratified for gender, BMI, age, eating behaviour (TFEQ, factor 1) and resting EE, and divided into two groups. A double-blind administration of the supplementation was carried out. Thus, finally forty-two (thirty female, twelve male) subjects participated during the whole experiment in the capsaicin group and fortynine (thirty-eight female, eleven male) subjects in the placebo group. With respect to the group with intensive Table 1 . Mean values were significantly different from those at baseline: *P, 0·05. † For details of treatment, diets and procedures, see p. 653. § F1, cognitive restraint; F2, disinhibition; F3, hunger; For details, see Stunkard & Messick (1985) and Westerterp-Plantenga et al. (1999) . k For details, see Herman & Polivy (1980) .
{
Body mass regain expressed as % body mass loss.
measurements, thirty subjects participated during the whole experiment in the capsaicin group and thirty-six subjects in the placebo group. Ten of the subjects complained about the capsules on the first or second day. They were seen by the responsible medical doctor and advised to use half the dosage. After disclosure of the blinding, it was learnt all these subjects were part of the capsaicin group. Measurements, as described under baseline measurements, were executed again 3 months (i.e. 13 weeks) later. In addition, body weight was determined 1 and 2 months after the start of the weight-maintenance period.
Data analysis
Results are presented as mean values and standard deviations. A two-factor repeated-measures ANOVA was carried out to determine possible differences between the capsaicin and placebo group in all measured variables over time. When appropriate, a factorial ANOVA was used for analysing differences between the treatment groups. Post hoc analyses were done with the Scheffe F test. A P value , 0·05 was regarded as statistically significant. Statistical procedures were performed by using Statview SEþ Graphics (1988; Abacus Concepts, Berkeley, CA, USA).
Results
No different effects for men or women were observed. Therefore these results have been taken together.
Very-low-energy-diet period
During the very-low-energy-diet period the following changes, which did not differ between the subsequent treatment and placebo group, occurred (Table 1) . With respect to body-weight loss, the subjects lost a significant amount of body weight, i.e. 6·6 (SD 2·0) kg (7·8 (SD 1·8) % of their original body weight) (P, 0·001). This consisted of 4·1 (SD 1·6) kg FM and 2·5 (SD 1·7) kg FFM. The bodyweight results for both groups are presented in Fig. 1 . Waist circumference was also significantly reduced over time. Attitude towards eating showed some significant changes over time (Table 1) . Cognitive restraint (factor 1, TFEQ) increased significantly, disinhibition (factor 2, TFEQ) and general hunger scores (factor 3, TFEQ) decreased during weight loss (Table 1) . Resting EE and RQ decreased during weight loss (Table 2) . Total EE decreased in both groups, but only reached significance in the placebo group. The fasting blood variables glucose, insulin, triacylglycerol and leptin showed a decrease with weight loss, and b-hydroxybutyrate, glycerol (NS) and NEFA showed an increase with weight loss (Table 3) .
Weight-maintenance period
During weight maintenance, body-weight regain, expressed as % body mass loss, as well as rate of regain, were not significantly different between treatments (Table 1) . Cognitive restraint scores stayed significantly higher during the weight-maintenance period compared with baseline values in both groups. Disinhibition stayed lowered in the placebo group, and general hunger decreased in both groups. Satiety in the fasted state before breakfast increased during weight maintenance in the placebo and in the capsaicin group (Table 1) . The hunger scores in the fasted state before breakfast did not change over time in both groups. The increase in RQ during weight maintenance was significantly smaller in the capsaicin compared with the placebo group (0·04 (SD 0·06) v. 0·07 (SD 0·05), P, 0·05), indicating a smaller decrease in fat oxidation in the capsaicin group than in the placebo group. The increase in RQ was not related to weight regain (P. 0·05). Fat oxidation (g/h) after weight maintenance was higher in the capsaicin group compared with placebo (4·2 (SD 1·1) v. 3·5 (SD 0·9), P, 0·05) (Fig. 2) . The increase in resting EE during weight maintenance was significantly higher in the capsaicin compared with placebo group (0·7 (SD 0·5) MJ/d v. 0·2 (SD 0·5) MJ/d, P, 0·005), although increases in FFM showed no differences between both groups. Resting EE in the placebo group after weight maintenance was still significantly lower compared with baseline values, but FFM was also lower. In the capsaicin group, the resting EE returned to baseline, while FFM was still reduced. To assess possible differences in resting EE adjusted for FFM between groups, we analysed the residuals of the regression of resting EE on FFM (Fig. 3) . The residual analysis was done by factorial ANOVA after 3 months of treatment, and showed a trend for a significant difference between the capsaicin and placebo group after treatment (P¼ 0·07). Total EE remained significantly lower during weight maintenance compared with baseline values in the placebo group, but FFM was lower as well.
Energy intake, calculated from EE and energy storage, was not significantly different between both groups during weight maintenance.
Insulin and leptin levels stayed significantly lower after treatment compared with baseline in both groups (Table 3) . Glucose levels in the placebo group and triacylglycerol levels in the capsaicin group stayed significantly lower after treatment compared with baseline values. b-Hydroxybutyrate, glycerol and NEFA levels almost returned to baseline values during weight regain (Table 3) . No effect of treatment £ time interaction appeared.
No other adverse events, other than the ten subjects who complained about the capsules and were advised to use half the dosage, were reported. Results of subjects receiving the half dosage or the complete dosage of capsaicin did not differ significantly.
Discussion
The actual experiment on body-weight maintenance after body-weight loss showed that 135 mg capsaicin/d v. placebo did not improve body-weight maintenance in originally moderately overweight men and women, after a modest weight loss of 7·8 %. However, we showed that with similar weight regain, substrate oxidation was affected by capsaicin. During weight regain, the increase in RQ was smaller in the capsaicin group, so the decrease in fat oxidation was smaller compared with placebo. The net fat oxidation (g/h) after weight maintenance was also higher in the capsaicin group compared with placebo. This is in accordance with the suggestion by Yoshioka et al. (1998) , who showed a shift in lipid balance during a short-term experiment with capsaicin in Japanese women.
Measurements of habitual food intake are difficult, especially in obese subjects, because of under-reporting energy and fat intake (Goris & Westerterp, 1999 ; Table 2 . Energy expenditure and substrate oxidation in the capsaicin-treated and placebo groups at baseline, after 4 weeks of a very-lowenergy diet (VLED) and after 13 weeks of treatment ‡ and this may lead to incorrect conclusions . Therefore, in the present study, the energy intake during weight maintenance was not recorded, but calculated from EE and energy storage. Previously, we also observed a lack of a relationship between increase of RQ and body-weight regain after weight loss (Pasman et al. 1998) . It seems that the vulnerability for weight gain predicted by a relatively high RQ, as was indicated by Zurlo et al. (1990) , Seidell et al. (1992) , Ravussin et al. (1993) and Schutz (1995) , does not necessarily hold for the situation of weight regain.
Resting EE after weight maintenance returned to baseline in the capsaicin group (although FFM was still lowered), and in the placebo group resting EE was still significantly lower compared with baseline (while FFM was lower too). Since the main determinant of resting EE is FFM (Ravussin & Bogardus, 1989) , the resting EE has to be adjusted for FFM. Therefore, the residuals of the regression of resting EE on FFM were analysed. This showed a trend for an increased resting EE as a function of FFM in the capsaicin group, compared with placebo. Yoshioka et al. (1995) reported an increase in EE after a meal containing red pepper, which was probably explained by b-adrenergic stimulation. A low metabolic rate after weight reduction is a risk factor for subsequent weight regain (Ravussin & Bogardus, 1989) . However, here the normalized resting metabolic rate in the capsaicin group could not prevent weight regain.
The lack of a relationship between body-weight regain and RQ might explain the lack of a difference in regain between the groups. This emphasizes again that a relatively low RQ may prevent weight gain (Zurlo et al. 1990; Seidell et al. 1992; Ravussin et al. 1993; Schutz, 1995) , which does not mean that an artificially lowered RQ during regain prevents or limits weight regain. Moreover, the relative increase of resting EE as a function of FFM also could not limit weight regain. The relatively lower RQ and higher resting EE did not result in a relatively higher FFM and lower FM in the capsaicin group. It may be that the capsaicin effects, although clearly present, were too small to limit regain of body weight. Furthermore, the regain results showed large individual differences. Even after removing the outliers, the variance of the regain results remains relatively high.
The question of whether subjects get accustomed to capsaicin in the long term is of interest. The Japanese women studied by Yoshioka et al. (1998) were used to spicy foods, but still showed an increase in fat oxidation following red pepper ingestion. The present observations are also in accordance with this, i.e. continuing capsaicin supplementation for 3 months, in subjects who were not used to capsaicin in their habitual diet, still appeared to stimulate fat oxidation. In addition, similarly to the observations of Yoshioka et al. (1995 Yoshioka et al. ( , 1998 Yoshioka et al. ( , 1999 Yoshioka et al. ( , 2001 we did not find different results between different dosages of capsaicin. Compliance to capsaicin consumption in our present study was shown in that all subjects who appeared to have consumed the capsaicin capsules had mentioned a somewhat burning feeling in their stomach every time they came to the University. Here, a subject-specific sensitivity may play a role (Yoshioka et al. 1998) . Because the use of capsaicin may cause habituation in the long term, we used a higher dosage compared with the short-term Fat oxidation (g/h) after 3-months weight maintenance in the capsaicin-treated (n 25) and placebo (n 32) groups. For details of subjects, supplements and procedures, see Table 1 and pp. 652-653. Values are means with their standard errors shown by vertical bars. Mean value for the capsaicin group was significantly different from that of the placebo group: *P,0·05. Fig. 3 . Resting energy expenditure after weight maintenance as a function of fat-free mass after weight maintenance in the capsaicintreated (W; n 21) and placebo (X, n 28) groups. The regression equation is: resting energy expenditure ðMJ=dÞ ¼ 0·07 £ fat-free mass ðkgÞþ 3·1 (P,0·0001, r 0·74). experiments of Yoshioka et al. (1995 Yoshioka et al. ( , 1998 Yoshioka et al. ( , 1999 Yoshioka et al. ( , 2001 . Since all our subjects reported not using red pepper frequently in their diet, our present dosage may have been relatively high.
The hunger scores in the fasted state before breakfast did not change over time in both groups. Yoshioka et al. (1999) found a decrease in hunger after breakfast with red pepper and before lunch. Therefore a decrease in hunger due to capsaicin consumption might be a shortterm rather than a long-term effect. Here, habituation may have played a role.
Eating behaviour, as measured by the TFEQ, showed an improved profile, i.e. more cognitive restraint, less disinhibition and hunger after the weight-loss period. This is similar to previous observations (Clark et al. 1994; Pekkarinen et al. 1996; Westerterp-Plantenga et al. 1998; Pasman et al. 1999) . Previously, we showed an inverse relationship between increase in cognitive restraint during weight loss and weight regain thereafter ). However, this relationship failed to reach significance (capsaicin group P¼ 0·1, placebo group P¼ 0·06) in the present study.
Regarding the beneficial effects of weight loss, after the treatment period body mass, % body fat and waist circumference were still significantly reduced compared with baseline. As often seen during weight loss, the fasting blood variables glucose, insulin, triacylglycerol and leptin showed a decrease with weight loss, and b-hydroxybutyrate, glycerol and NEFA showed an increase with weight loss. The beneficial effects of weight loss were still present after treatment for glucose, insulin, triacylglycerol and leptin, whereas the levels of b-hydroxybutyrate, glycerol and NEFA returned to baseline.
In conclusion, the short-term observation by Yoshioka et al. (1998) , i.e. a larger fat oxidation due to consumption of capsaicin, also holds on the long term, i.e. during weight regain. The short-term effect on appetite reported by Yoshioka et al. (1999) did not appear on the long term. However, the effects of capsaicin in the longer term did not sustain weight maintenance in comparison with placebo, probably because an effect on body composition was not achieved.
